An anti-apoptotic coating for vascular applications combining chondroitin sulfate (CS) and coiled-coil-based tethering of epidermal growth factor (EGF), a key growth factor involved in wound healing, was designed. EGF quantification by ELISA showed that higher protein surface densities were reached using the oriented tethering strategy compared to the commonly used random covalent grafting, while using much lower concentrations of EGF during incubation.
Introduction
Bioactive coatings are increasingly used to overcome the limitations of conventional biomaterials possessing good mechanical properties but insufficient biocompatibility [1, 2] . This is particularly true for PET and PTFE-based cardiovascular implants, such as stent-grafts (SG), employed for the endovascular treatment of abdominal aortic aneurysms (AAA) [3] . While PET and PTFE surface properties appear adequate to avoid thrombosis on the luminal side of the SG, the lack of healing around the implant is a major factor leading to clinical complications [4] [5] [6] .
This deficient healing is due to several concomitant factors: 1) the bio-inertness of PET and PTFE, 2) the pre-existent context of the aneurismal vessel, such as vascular smooth muscle cell (VSMC) depletion and pro-apoptotic phenotype [7, 8] as well as extracellular matrix (ECM) proteolytic degradation [9, 10] , and 3) the deprivation of nutrients and oxygen once the SG excludes the aneurysm from blood flow.
Recently, we have developed a bioactive coating specifically designed to trigger adequate vascular cell response while counteracting the mechanisms occurring after SG insertion [11] [12] [13] .
In order to favor vascular cell growth and resistance to apoptosis around the SG, we proposed to combine two biomolecules, namely chondroitin sulfate (CS) and epidermal growth factor (EGF).
CS, a glycosaminoglycan naturally encountered in blood vessels, has demonstrated antiapoptotic properties through ERK1/2 phosphorylation and enhanced Bcl-xl expression in rat and human VSMC [14] as well as in fibroblasts [15] . This widely available glycosaminoglycan has also been shown to favor wound healing by improving cell migration, increasing fibronectin synthesis and promoting fibroblast proliferation [16, 17] . EGF is one of the key growth factors involved in wound healing [18, 19] and is known to promote VSMC proliferation [20] [21] [22] . Of interest, activation of EGF cell receptors also initiates specific anti-apoptotic signals, by activation of PI3K/AKT, RAS/ERK and JAK/STAT pathways, leading to an increased release of anti-apoptotic proteins and a decreased release of pro-apoptotic proteins [23] [24] [25] . When an EGF layer was covalently grafted on CS via carbodiimide chemistry, the resulting coating was found to possess anti-apoptotic and pro-proliferative properties for rat aortic VSMC [12, 13] .
However, random covalent EGF coupling can negatively impact protein bioactivity due to inappropriate orientation and/or epitope inactivation, thus preventing optimal interactions with cells [26, 27] . We hypothesized that the bioactivity of a coating including CS and EGF could be further enhanced by the use of oriented EGF immobilization, where all immobilized EGF molecules are attached via a tag added to a specific EGF region in order to allow immobilization without epitope inactivation. In that purpose, our group recently developed an innovative oriented immobilization strategy for growth factors based on two high affinity peptides, namely Ecoil and Kcoil, that heterodimerize with high specificity and affinity [28] . Ecoil-tagged epidermal growth factor (Ecoil-EGF) was produced in human embryonic kidney (HEK) 293 cells and its bioactivity was confirmed on human epidermoid carcinoma (A-431) and human corneal epithelial (HCE-2) cell lines [27, 29] . Here, we show that EGF can be immobilized on CS via a coiled-coil strategy (Fig. 1) , with large benefits compared to random immobilization in terms of protein surface density and bioactivity, as assessed by direct ELISA, VSMC survival and resistance to apoptosis in a serum-deprived environment. Moreover, to demonstrate the benefit of CS in this bioactive coating, we studied in parallel the bioactivity of EGF immobilized on CS coatings and on another commonly-used protein resistant polysaccharide, carboxymethylated dextran (CMD) [30] .
This work was achieved using aminated microplates for protein quantification and cell culture tests as a model for vascular implant materials, knowing that primary amine groups can readily be created on PET and PTFE via plasma polymerization, plasma functionalization or using aminolysis of PET [13, [31] [32] [33] [34] , and that the strategy could later be easily transferred to realistic biomaterial surfaces.
Materials and methods

Materials and reagents
Native silicon wafers (Prime Si P/Boron) were obtained from University Wafer (South Boston, MA). Anhydrous 3-aminopropyltriethoxysilane (APTES, 99% purity), acetic acid (99.7% purity), cysteine (99+% purity), glutaric anhydride (95% purity), sodium chloride (99.99% purity), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), Nhydroxysuccinimide (NHS), 2-morpholinoethane sulfonic acid (MES), Dulbecco's Phosphate Buffered Saline (modified PBS, without calcium chloride and magnesium chloride), Tween 20 and cysteine (99+% purity) were purchased from Sigma-Aldrich (Oakville, ON). EMCH (3,3´-N-[ε-maleimidocaproic acid] hydrazide, trifluoroacetic acid salt) was purchased from Pierce Biotechnology (Rockford, IL). Commercially available DuoSet ELISA kit containing mouse anti-human EGF antibody (capture antibody), biotinylated goat anti-human EGF antibody (detection antibody), streptavidin-horseradish peroxidase (streptavidin-HRP), bovine serum albumin (BSA), substrate solution (hydrogen peroxide/tetramethylbenzidine) and untagged recombinant human EGF were purchased from R&D Systems (Minneapolis, MN).
Kcoil and Ecoil-tagged EGF Production
Cysteine-tagged Kcoil peptides [28] were synthesized by the peptide facility at University of Colorado (Denver, CO). The chimeric Ecoil-EGF, formed by an EGF molecule with an Ecoil peptide attached to its N-terminus, was produced in HEK 293-6E cells and purified by immobilized metal-ion affinity chromatography (IMAC) as previously described [28] . Protein concentration was determined by ELISA. Purified Ecoil-EGF was then stored at -80°C until use.
CS, CMD and EGF Immobilization
Surface and Polymer Preparation
Aminated silicon surfaces and microplates were used for chemical grafting characterization and cell culture assays, respectively. Amino groups were created on silicon wafer surfaces (1×1 cm) via an APTES-based silanization procedure [12] . Aminated microplates (96-well Clear Polystyrene Amine Surface Stripwell Microplate, Corning Inc.) were purchased from Fisher Scientific (Ottawa, ON). For cell culture experiments, microplates were disinfected by exposure to 70% EtOH for 5 min before EGF or Ecoil-EGF immobilization. Carboxymethylated dextran (CMD) chains were generated from commercially available dextran (Pharmacosmos, Holbaek, Denmark) by adapting previously reported protocols [27] . Under our experimental conditions, the carboxymethylation degree of the dextran chains (500 kDa) was 55%. Chondroitin-4-sulfate (CS) was purchased from Sigma-Aldrich (Oakville, ON). Lyophilized CMD and CS powders were stored at 4°C until use.
Polymer Grafting on Aminated Silicon Surfaces and Aminated Microplates
CMD and CS were covalently attached onto amino-coated surfaces using water-soluble carbodiimide chemistry, according to previously reported protocols [13, 27] . CMD solution was prepared in Milli-Q water (2 mg/mL). Once dissolved, CMD was activated by preparation of a solution containing (for 1 mL): 100 µL of 0.4 M EDC in Milli-Q water and 100 µL of 0.1 M NHS to 800 µl of CMD solution [27] . CS was dissolved in Milli-Q water at 0.1 g/mL, and the resulting solution was filtered (0.2 μm PTFE filter) to remove aggregates. CS was then activated by preparing a solution containing (for 1 mL): 400 µL of EtOH 100%, 347 µL of Milli-Q water, 50 µL of 1 M MES, 57 µL of 0.4 M EDC, 46 µL of 0.1 M NHS, and 100 µL of CS solution [13] .
The NHS-activated polymer solutions were reacted with the aminated surfaces (150 µL/cm 2 ) and microplates (100 µL/well) for 1h. The surfaces and the wells were finally rinsed once using PBS (10 mM, pH 7.4) and two times using Milli-Q water for 2 min in an ultrasonic bath.
EGF Covalent Immobilization on CMD-and CS-coated surfaces
The CMD-coated surfaces were activated with 100 µL of a solution containing (for 1 mL): 500 µl of 0.4 M EDC and 500 µl of 0.1 M NHS for 15 min [27] and the CS-coated surfaces were activated with 100 µL of the following solution (for 1 mL): 400 µL of 100% EtOH, 497 µL of Milli-Q water, 57 µL of 400 nM EDC, 46 µL of 100 nM NHS [13] . The surfaces were rinsed with Milli-Q water. NHS-activated polymer surfaces were then exposed to 100 µL of untagged EGF (in 10 mM PBS pH 7.4 containing 0.05% Tween 20, PBS-T) for 1 h. Finally, the surfaces were rinsed with PBS and Milli-Q water.
Ecoil-Tagged EGF Capture on Kcoil Layers
A Kcoil layer was generated on CMD or CS-covered surfaces using EMCH linker, which possesses an amine group at one end and a maleimide group at the other end. CMD and CS carboxylic groups were activated using NHS/EDC-based chemistry as described in section 2.3.3.
The NHS-activated polymer layers were then reacted with the amine group of EMCH by depositing 100 µL of 1 mM (0.41 mg/mL) EMCH in PBS:DMSO (90:10 v/v) on each surface for 30 min. The surfaces were rinsed using PBS and Milli-Q water. Deactivation of remaining polymer COONHS groups was obtained with 100 µL ethanolamine solution (1 M, pH 7.0) for 15 min, followed by rinsing with PBS and Milli-Q water. Thiol-reactive surfaces were then reacted with 100 µL of 10 μM cysteine-tagged Kcoil in Milli-Q water for 1 h. The surfaces were rinsed using PBS and Milli-Q water. Unreacted sites of EMCH were blocked using 100 µL of 50 mM cysteine solution (1 M NaCl in 0.1 M sodium acetate, pH 4.0) followed by rinsing with PBS and Milli-Q water. Surfaces harboring covalently bound Kcoil were incubated with 100 µL of Ecoil-EGF solution (in 10 mM PBS pH 7.4 containing 1% BSA, PBS-BSA) for 1 h. After the Ecoil-EGF capture, the wells and the surfaces were rinsed using PBS. When needed, Ecoil-EGF was detached by soaking the Ecoil-EGF-covered surfaces in a 5 M guanidium hydrochloride solution (Gnd-HCl), followed by rinsing with PBS and Milli-Q water.
Physical and chemical characterization
Ellipsometry
Dry thickness of grafted layers on APTES-coated silicon wafers was measured using an automatic M2000 ellipsometer (J.A. Woollam, Lincoln, NE) equipped with data acquisition software (Complete EASE). The measurements were performed with a 75° angle of incidence and data were acquired within a wavelength range of 245-1650 nm. A refractive index of n = 1.465 was used for the measurements of APTES, CS, Kcoil and Ecoil-EGF layers [12] . The dry thickness of each layer was obtained using the WVase 32 analysis software package and defined as the difference between the APTES-coated silicon wafers and the CS-, Kcoil-and Ecoil-EGFcoated wafers. Three measurements were taken on each surface and the experiment was repeated at least twice.
Water contact angle
Wettability of the coatings was measured through static contact angle with a FTA200
goniometer (First Ten Ångstroms, Portsmouth, VA) equipped with a data analysis software package (FTA32 Video). Three measurements were taken on each surface using Milli-Q water as probe liquid and the experiment was repeated at least twice.
Surface EGF quantification by ELISA
Quantification of EGF surface densities in the wells was performed by direct ELISA. The wells were first incubated with 100 µL of a biotinylated anti-human EGF antibody ( 
Cell survival in serum-free medium
VSMCs were seeded at 20 000 cells/well in microplate wells and incubated on each surface at 37°C and 5% CO2 in 200 µL of complete growth medium (DMEM/F12 + 10% FBS and 1% PenStrep). After a 24h adhesion period, the surfaces were rinsed with PBS to detach non-adherent cells; and serum-free medium was added (200 µL/well) and changed every two days. For conditions designated as 'soluble EGF', 10 ng/mL of EGF was supplemented in the culture medium [12] . Cell metabolic activity was probed using the alamarBlue assay (Invitrogen, Burlington, ON). Once rinsed with 200 µL of PBS, the wells were exposed to alamarBlue added to the culture medium (10% v/v) for 4h. AlamarBlue fluorescence signal was read using a spectrophotometer (560 and 590 nm, for excitation and emission wavelengths, respectively). Cell density and homogeneity on the well surfaces were evaluated via crystal violet staining (Fisher Scientific, Ottawa, ON), i.e. cells were incubated in a crystal violet solution (0.075% w/v in 3% v/v acetic acid solution) for 15 min, rinsed 3 times with Milli-Q water and air-dried prior to capture (Leica Microsystems, Richmond Hill, ON). At least three samples per conditions were used and each experiment was performed in duplicate.
Cell apoptosis
VSMCs were seeded at 20 000 cells/well in microplate wells and incubated on each surface at 37°C and 5% CO2 in 200 µL of complete growth medium (DMEM/F12 + 10% FBS and 1% PenStrep). After an 8h adhesion period, half of the plate was exposed to complete growth medium for 14h (positive control), while the other half-plate was exposed to serum-free medium for 14h to induce apoptosis. To be noted, several time points were tested for serum-free medium exposure but 14h was selected as the shortest time point at which statistical differences in apoptotic cell numbers were observed with a comparable total number of cells on the surfaces.
Resistance to apoptosis in serum-free conditions was assessed by a Hoescht 33342 (HT)/propidium iodide (PI) staining test [12] . Briefly 1 µg/mL of HT (Sigma-Aldrich, Oakville, ON) and 5 µg/mL PI (Invitrogen, Burlington, ON) were directly incorporated into the medium of each well. Images were captured after a 5-min incubation time using fluorescence microscopy (excitation filter of 360-425 nm). At least three samples per condition were used and each experiment was performed in duplicate.
Statistical analysis
Results are expressed as mean ± standard deviation (n ≥ 3). Statistical analysis was carried out using independent two-sample t-test with equal variances. A p-value lower than 0.05 was considered significant for all tests.
Results
Characterization of oriented EGF immobilization on CS via coiled-coil interaction
Grafting steps for the oriented immobilization of EGF on CS-coated silicon wafers ( Fig. 1) were characterized using ellipsometric dry thickness ( Fig. 2) and water contact angle measurements, as previously reported for the random EGF grafting on CS and CMD polymers as well as for the oriented EGF immobilization on CMD [12, 27] . Amino groups were created on silicon wafers via an APTES-based silanization procedure. The APTES layer was found to be thick, homogeneous and relatively hydrophobic, showing a water contact angle of 70.7 ± 2.8°
and an ellipsometric thickness of 4.75 ± 0.16 nm (condition a on Ecoil-EGF (600 nM) was also incubated on EMCH layers that had previously been blocked by cysteine molecules (condition f). Absence of thickness gain in this case (compare conditions f and g) confirmed that Ecoil-EGF is only recruited via the specific coiled-coil interactions.
ELISA quantification of immobilized EGF
The ability to control the EGF surface density in both oriented and random strategies was studied on CS and CMD via direct ELISA by varying EGF incubation concentration from 315 pM to 900 nM (Fig. 3) . Fine-tuning of EGF incubation concentrations was performed to ensure similar EGF densities on both polysaccharide-coated surfaces during cell experiments and thus ease comparison. It should be noted that ELISA quantification relies on both the presence and the orientation of EGF on the surface, as the ELISA detection antibody is sensitive to a specific epitope of the EGF protein that might not be accessible for all immobilized EGF molecules.
Therefore, the surface densities in Fig. 3 characterize the amount of bioavailable EGF, rather than the total quantity of immobilized EGF.
For the oriented grafting strategy on CS, the maximal surface density (45 fmol/cm 2 ) was obtained with an Ecoil-EGF incubation concentration of 22 nM. The same density was reached on Kcoil-functionalized CMD with an Ecoil-EGF concentration of 625 pM. In contrast, the EGF surface density obtained by random coupling on CS was lower despite the use of considerably higher incubation concentrations, i.e 1.5 fmol/cm 2 for incubation concentration of 900 nM EGF.
To achieve the same surface density on CMD, a concentration of 300 nM EGF was required.
Thus, compared to EGF random grafting, the coiled-coil system not only enabled to reach higher EGF surface densities, but it also increased grafting yield, insofar as ca. 1000-fold less EGF was needed to achieve the same surface density. That is, an EGF density of 1.5 fmol/cm 2 was immobilized on CS with 1.5 nM of Ecoil-EGF or with 900 nM of untagged EGF (Fig. 3) .
EGF non-specific adsorption was evaluated by incubation of untagged EGF (100 nM in PBS for 1h) on wells that had been coated with 1) CS and 2) CMD, as well as on 3) pristine aminated wells as control. As can be seen in Table 1 , EGF adsorption was found to be similar on CS-and CMD-covered wells (0.077 and 0.070 fmol/cm 2 , respectively, p = 0.62) and drastically higher on pristine aminated wells (0.934 fmol/cm 2 , p < 0.001 compared to CS and CMD). This result demonstrates that CS and CMD layers are equally efficient to reduce EGF adsorption and that the polymer layers are sufficiently dense and homogeneous to mask the underlying aminated wells. The featured low-fouling properties of CS confirm previous results by Keuren et al. [35] showing low adhesion of plasma proteins such as fibrinogen, albumin and antithrombin on CScovered surfaces. In the context of a bioactive coating, CS low-fouling properties could prevent protein aggregation and therefore improve the exposure of grafted growth factors to cells from the vessel wall.
Bioactivity of the coatings
Cell survival and apoptosis were assessed to estimate the bioactivity of the various EGF layers immobilized on CS and CMD. For all tests, EGF proteins were grafted on CS at the maximal surface densities, i.e. 45 fmol/cm 2 and 1.5 fmol/cm 2 for oriented tethering and random grafting, respectively. As a consequence, each immobilization technique was tested at its full potential, with the highest surface density achievable (see Figure 3) . The concentrations of the grafting solutions were then adjusted for CMD coatings to reach the same EGF surface densities in order to evaluate the influence of the polymer underneath EGF (CS vs CMD).
Cell adhesion and survival
VSMC were cultured on the different coatings for 24h in complete growth medium (adhesion at day 0) and then exposed to serum-free medium for 3, 5 and 7 days. Polystyrene (PS) and pristine aminated wells were used as controls. (Fig. 6) .
After the 24h-incubation, high cell adhesion was observed on CS-coated and pristine aminated wells (ca. 145% of adhesion on PS), and EGF grafting on CS did not affect cell adhesion compared to bare CS (Fig. 4) . Despite similar EGF-resistance properties (Table 1) , CMD and CS displayed very different cell-adhesive properties, since cell adhesion was found to be low on CMD, with an alamarBlue signal on CMD layers being 25% of that obtained for CScoated surfaces at day 0 (p < 0.005).
Upon exposure to serum-free medium, VSMC survival on both PS and pristine aminated surfaces showed a progressive decrease over time from 100% (day 0) to ca. 45% (day 7), suggesting that the surface-exposed amine groups do not influence the cell survival (Fig. 5) . The same trend was observed for CS-coated wells with a cell survival of 45% at day 7, confirming that CS per se does not improve the cell survival over 7 days compared to tissue culture PS [13] .
When soluble EGF was supplied in the serum-free medium, the survival was enhanced on PS and CS-coated wells to ca. 80% (day 7), indicating that EGF triggered cell survival mechanisms, as expected [13, 23] . Despite similar initial cell adhesion (Fig. 4) , a clear behavior discrepancy was observed in serum-free conditions between bare CS and CS covered with random or oriented EGF (Fig. 5) . Cell survival slowly decreased over time on bare CS and randomly grafted EGF layers, i.e. 87, 70, 45% and 96, 82, 66%, respectively (for day 3, 5, 7) (p < 0.05 at day 7). The slower decrease in cell density observed for random EGF coatings compared to bare CS confirmed that immobilized EGF improved the cell survival on CS, as previously featured [13] . In stark contrast, after 7 days in serum free conditions, cell density was maintained for the coiled-attached EGF layers to ca. 106% compared to day 0. This confirms that EGF oriented immobilization offered an important additional asset by preventing cell depletion in serum-free conditions, as also highlighted in Fig. 6 . Contrarily to CS-coated surfaces, EGF grafting on CMD layers did not improve VSMC survival. Indeed, negligeable signals were detected as of day 3 (Fig. 5 ) on all CMD-based coatings, indicating that the presence of EGF was not sufficient to counterbalance the low-fouling, cell-repellent properties of the CMD underlayer (also featured in Fig. 6 ).
Cell apoptosis.
In order to explain the superiority of the CS and oriented EGF combination observed in VSMC survival, cell resistance to apoptosis was assessed on the different surfaces after 14h in serum-free medium using Hoescht 33342/propidium iodide staining (Fig. 7) . Viable, apoptotic and necrotic cells were identified according to cell morphology and color, as previously described [12, 13] . Regardless of the surface coating, we observed that serum-free medium favored apoptosis when compared to complete growth medium, while necrosis remained very low (≤ 1% in serum-free medium and complete medium). The proportion of VSMC presenting an apoptotic phenotype was significantly lessened on CS surfaces compared to pristine aminated and PS wells (9, 14 and 16%, respectively, with p < 0.005), confirming that a coating of CS initiated anti-apoptotic mechanisms for VSMC [12, 13] . Random EGF tended to further decrease apoptosis but no statistical difference was established between bare CS and random EGF on CS (p = 0.2), as previously reported [13] . However, apoptosis was significantly reduced when the EGF was displayed in an oriented fashion on the CS compared to bare CS surface (6 and 9%, respectively, with p = 0.01). This better resistance to apoptosis induced by CS when allied to the known pro-proliferative role of EGF [20] [21] [22] 
Discussion
VSMC survival in pro-apoptotic conditions (e.g. serum starvation, hypoxia) is a key issue in the case of aortic aneurysms after implantation of a stent-graft. Indeed, the VSMC apoptosis and depletion that characterize aneurismal vessel walls combined with poor access to nutrients and oxygen following SG implantation, are believed to play a major role in the lack of healing observed around SGs [7, 8] . While the thrombus formed in the aneurismal cavity after deployment of SG should ideally evolve in an organized fibrous tissue encapsulating the implant and contract to induce aneurysm shrinkage, explanted SG are most often found surrounded by an unorganized blood clot with a strong deficit in fibroblasts, VSMC and collagenous ECM, even after years of implantation. This lack of integration of the SG in the vessel wall [4, 6] causes frequent complications such as migration or endoleaks [36] .
Currently, the solutions proposed by manufacturers to prevent SG migration and endoleaks are design features that provide mechanical -but not biological -attachment, such as the use of metal hooks that anchor the SG in place and the use of oversized terminal rings at the necks to seal the ends [37] . In parallel, a few research groups have been working on improving the healing around SGs, most of them by using fibroblast growth factor (FGF) to increase fibroblast and VSMC growth as well as collagen production [38] [39] [40] . Those coatings combining FGF, heparin and collagen [38] or FGF and elastin [39] have induced an interesting neointima formation in vivo in healthy vessels of pigs and dogs, respectively. However their ability to address cell apoptosis in a complex diseased environment with limited access to nutrients and growth factors, has not been considered.
To induce tissue ingrowth on the abluminal surface of the SG, VSMC and fibroblasts must either cross the thrombus formed between the implant and vessel wall or migrate along the implant surface from the proximal and distal necks of the aneurysm where the SG is in contact with the host vessel wall. The cells must adhere on the implant external surface, proliferate and survive to the unfavorable, pro-apoptotic environment. Yet, PTFE and PET used in SG either trigger oxidative stress leading to cell death by anoikis [41] or fail to activate appropriate survival signals. Our general aim is to design a bioactive coating that would favor the integration of the implant in the tissue and reduce clinical complications by promoting the adhesion, proliferation, migration and survival of VSMC and fibroblasts.
CS and EGF were chosen since these biomolecules are both involved in vascular repair after injury, promoting anti-apoptotic phenotypes of the vascular cells involved in fibroproliferative reactions (vascular smooth muscle cells, fibroblasts, mesenchymal stem cells) [14, 15, 25] . EGF is also well known to promote cell proliferation and migration [20, [42] [43] [44] . Excessive fibroproliferative responses are detrimental in several vascular pathologies such as atherosclerosis or restenosis after stent implantation [45, 46] . Nevertheless, proliferative response occurring on the external surface of a SG could be beneficial to improve its integration and fixation to the aneurismal wall. The present data confirmed that a coating combining CS and EGF favors cell adhesion and survival in serum-free medium mimicking nutrients deprivation after SG implantation but also showed that the coating bioactivity was largely improved by oriented tethering of EGF on CS (Fig. 4 to 7) . Thanks to the high efficiency of capture of our coiled-coil tethering system, a dense coverage of optimally-oriented growth factor can be produced, while drastically reducing the amount of growth factor needed, when compared to random covalent grafting (Fig. 3) . Considering that the surface area of stent-grafts is usually quite large (≥ 100 cm 2 ), reducing the costs associated with coating is an important advantage.
Another key result of this study is the important benefit of using CS as a sublayer for EGF immobilization. As assessed in the present study, the dense and homogenous CS layer created on aminated substrates displayed low fouling properties against EGF molecules ( Table 1) .
Although CS has shown affinity for certain heparin-binding proteins [47] , selective low adsorption of plasma proteins such as fibrinogen and albumin on CS-covered surfaces has also been reported by Keuren et al. [35] . This is of interest since low-fouling surfaces may optimize tethered growth factor bioactivity by preventing its denaturation and limiting plasma proteins adsorption [48] . The parallel study with carboxymethylated dextran (CMD), a well-known nonfouling surface, however showed a tremendous advantage of CS over dextran, on which adhesion and survival were very low, even in the presence of immobilized EGF (Fig. 4) . Poor cell adhesion and growth was already reported on bare PEG and dextran, presumably due to their cell resistance in addition to protein resistance [49, 50] , and even in the presence of tethered EGF, a dense non-absorbent PEG layer prevented complete epithelialization [50] . In contrast, VSMC tend to adhere and spread on CS surfaces, with a network of actin stress fibers [12] .
These differences are probably related to both the chemical composition and the chain structure of those polymers. Indeed, once grafted on the surface, free chain ends might repel more proteins in the case of branched polymers such as PEG and CMD compared to the loops of linear CS chains. Since integrin activation is known to cooperate with EGF receptor-signalling leading to enhanced and prolonged activation of downstream anti-apoptotic pathways such as ERK [51] , it is likely that CS-mediated adhesion could synergize with EGF to enhance survival. Further work would be required to better explain cell adhesive properties of CS and identify integrin receptors responsible for VSMC adhesion on CS.
Other benefits of CS for SG surface modification are its non-thrombogenic and anticoagulant properties [35, 52] that could increase substrate access to the cells in vivo by preventing the formation of a dense blood clot barrier around the implant. Furthermore, introducing a CS-based coating seems to be consistent with a restoration of a healthy environment for aortic cells, since CS, among other GAGs, is severely reduced in aneurismal aorta [53] . Altogether, these features make CS as an ideal sublayer for growth factor immobilization.
While this study was carried out on aminated glass and microplates as model substrates for the ease of the demonstration, creation of similar bioactive coatings on realistic graft materials (PET, PTFE) is easy to achieve. Indeed, the amination of PET [31, 33, 34, 54] and PTFE [32, 34] surfaces is easily achievable by aminolysis (for PET only) or by plasma processes ; we also recently reported the creation of uniform CS coatings on PET thanks to a primary-amine rich plasma polymerized coating [13] . Conclusions of this study are however limited by our in vitro model that may not mimic the in vivo pro-apoptotic environment. Future in vitro and in vivo testing will further assess the efficacy of our coating to improve healing around SG and limit aneurysm progression.
Conclusions
A method for growth factor oriented immobilization, involving two peptides binding to each other with high affinity, was successfully used to tether EGF on CS. The combination of a CS sublayer and oriented EGF greatly enhanced VSMC survival in serum-free conditions compared to randomly grafted EGF on CS, but also compared to EGF immobilized on non-fouling dextran surfaces. The superiority of the approach relies on 1) selective low fouling and cell adhesive properties of CS associated with 2) optimal orientation and higher density of EGF on the surface.
The ultimate goal of this anti-apoptotic coating is to improve the healing around stent-grafts.
Thanks to the versatility of the coil-based tethering strategy, co-capture of selected Ecoil-tagged growth factors on CS could be readily achieved to fine-tune implant bioactivity or target other applications, especially in tissue engineering scaffolds where nutrients and oxygen supplies are deficient before neovascularization occurs. Remaining EMCH thiol-reactive groups were deactivated using cysteine molecules. Ecoil-tagged EGF proteins were captured on the surface via the reversible E/K coiled-coil interaction. Figure 5 . VSMC survival in serum-free conditions. After 24h in complete growth medium for adhesion (D0), cells were exposed to serum-free medium for 3, 5 or 7 days (D3, D5 and D7).
VSMC survival (in %) was expressed as a ratio of alamarBlue signal at day 3, 5 and 7 to the signal at day 0 on the same surface. Soluble EGF (Sol. EGF) was added at 10 ng/mL in culture medium. EGF surface densities on CS and CMD were identical, i.e. 1.5 and 45 fmol/cm 2 for random (Rand. EGF) and oriented immobilization (Ori. EGF), respectively. Statistical differences between random and oriented EGF on CS were *: p = 0.01 at D3, **: p < 0.0001 at day 5 and 7 (n  8). Table 1 . Non-specific adsorption of EGF measured by ELISA. EGF was incubated at 100 nM (in PBS) for 1h on bare aminated microplate wells, CS and CMD (Mean  standard deviation; n ≥ 4). Statistical differences were *: p < 0.001 between CS and aminated wells, and CMD and aminated wells. No statistical differences were found between CS and CMD (p = 0.62).
CS CMD Aminated wells
Surface density of adsorbed EGF (fmol/cm 2 ) 0.077 ± 0.003* 0.070 ± 0.024* 0.934 ± 0.154 Table of contents An anti-apoptotic coating created by oriented immobilization of EGF via coiled-coil peptides was shown to display higher protein surface densities and bioactivity compared to random grafting. In addition, the huge benefit of chondroitin sulfate as a sublayer for growth factor immobilization was highlighted by comparison with another low-fouling surface.
Oriented EGF Random EGF Chondroitin Sulfate VSMC Survival
